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BLOOD FLOW TO TISSUE IS GOVERNED by perfusion pressure and vascular resistance. Because mean arterial pressure and venous pressure are normally maintained within narrow limits, blood flow control is accomplished in large part by variation in vascular resistance. Vascular resistance is essentially under dual control: 1) systemic control through the autonomic nervous system and humoral factors and 2) local control by the conditions in the immediate vicinity of the blood vessels (myogenic regulation, vasoactive substances like endothelium-derived factors and metabolites produced by the tissue). The importance of sympathetic innervation for vascular resistance has been demonstrated by studies that examined the effect of sympathetic blocking or sympathetic denervation on vascular resistance. Animal research has shown within the first hours and days after sympathectomy a significant decrease in vascular resistance ranging from 20 to 90% (26, 27, 30, 36) . Only a few studies investigated the outcome of sympathetic denervation on vascular resistance in humans and showed a significant decrease in vascular resistance shortly after sympathectomy (22, 32) , although no changes in vascular resistance were observed after long-term sympathectomy (21, 28) .
After spinal cord injury (SCI), the centrally mediated sympathetic control of the circulation may be lacking in the lower part of the body as a result of the disrupted spinal cord. Theoretically, this would lead to vasodilatation of peripheral vessels and, therefore, to a decrease in vascular resistance below the lesion. However, the part of the body below the spinal lesion is paralyzed and extremely inactive, which may affect the vascular properties in this part of the body as well. Previous studies (14, 25) reported a lower blood flow to the paralyzed legs in SCI individuals than in controls (C) patients as measured by echo Doppler ultrasound. However, no blood pressure data were given in these studies, and, with the knowledge that especially tetraplegic individuals often have low blood pressure levels, it is impossible to speculate about changes in vascular resistance in these SCI individuals. Only two studies (5, 17) known to us investigated vascular resistance in the legs of long-term SCI individuals compared with C individuals. In contrast to the previously mentioned studies (14, 25) , these studies showed an increase in leg arterial inflow and a decrease in vascular resistance below the level of the lesion in SCI individuals. Nevertheless, there are several reasons to hypothesize that vascular resistance in the legs of long-term SCI individuals will be increased. 1) Animal research has shown that endothelial function changes after long-term sympathectomy with a predominance of endothelin-1 release and a decrease in nitric oxide release (1). 2) As a result of deconditioning of the leg muscles, oxygen demand will be low, and oxygen deliv-ery will be geared accordingly, which would lead, most likely via flow-dependent mechanisms, to vascular atrophy (14) . 3) In long-term SCI patients, the clinically obvious cold and blue-colored legs and the reported poor wound healing (3) are suggestive for a reduced leg blood flow and maybe for an increased vascular resistance. This apparent conflict between reported data on blood flow and vascular resistance in SCI vs. clinical observations and physiological references urged us to perform the present study.
In addition, apart from one study (33) reporting a lower vascular resistance in the arms of SCI compared with C individuals and the study by Karlsson et al. (17) reporting significantly lower vascular resistance in the arms compared with the legs in able-bodied C individuals but not in SCI individuals, we are not aware of any study reporting on vascular resistance below (inactive legs) and above (active arms) the lesion within SCI individuals.
The purpose of this study, therefore, was to assess leg and arm vascular resistance in SCI individuals. To accomplish this goal, we measured resting blood flow in the legs and arms and blood pressure in patients with SCI and compared these values with data obtained in a healthy C group. In addition, leg blood flow and blood pressure were measured in a group of SCI patients before and after 6 wk of electrically stimulated leg muscle training to gain insight into the plasticity of the peripheral vascular system and to distinguish between the effect of loss of central neural control vs. deconditioning on changes in leg vascular resistance. We hypothesize that, in contrast to previously reported results, vascular resistance in the legs of long-term SCI patients has been increased and will decrease by leg muscle training.
METHODS

Subjects.
Ten healthy C men and 11 SCI men with no centrally mediated motor, sensor, and sympathetic control of the legs participated in this study (general characteristics are summarized in Table 1 ). SCI had complete (American Spinal Injury Association ASIA: A) spinal cord lesions of traumatic origin at levels between T 4 and T12, and the lesions existed for at least 2 yr (12.8 Ϯ 7.6 yr). All SCI and C individuals exercised between 0 and 4 h/wk, and SCI subjects had never exercised their paralyzed legs by electrical stimulation (ES). C neither smoked nor used medication. Three SCI individuals were using medication. One individual (AL) used atenolol (50 mg/day) to treat hypertension. Another individual with hypertension (BH) used metoprolol (100 mg/ day) in combination with lisinopril (20 mg/day), which has strong peripheral vasodilator capacities. The third individual (JL) used terazosin (2 mg/day), an ␣-adrenergic antagonist for bladder spasms. Another SCI individual (HB) smoked (15 cigarettes/day).
The study was approved by the Faculty Ethics Committee and conforms with the principles outlined in the Declaration of Helsinki. All subjects gave their written, informed consent before the study.
Experimental design. All C subjects were tested on 2 different days at approximately the same time of day to assess the reproducibility of the measurement technique in our laboratory setting. SCI subjects were only tested once. All participants refrained from caffeine and alcohol for at least 12 h before testing. All SCI individuals had emptied their bladder in the last 1.5 h before the test to minimize the possibility of any reflex sympathetic activity from bladder filling on the peripheral vascular tone.
Subjects were studied in the supine position in a room with the temperature kept between 21 and 23°C. During an acclimatization period of at least 25 min in the supine position, the apparatus was connected. Venous occlusion cuffs were attached around the upper leg (23.5-cm width) and upper arm (15-cm width), and arterial occlusion cuffs (15-and 9-cm width, respectively) were attached around the ankle and wrist.
Measurements. To calculate arterial blood flow to the extremities, venous occlusion strain-gauge plethysmography (Instrumentation Department, University of Nijmegen, The Netherlands) was used to measure relative volume changes of the calf and forearm after applying a venous occlusion to the upper leg and upper arm. The calf and forearm were elevated to heart level by using small cushions. The plethysmograph was calibrated according to the electrical method described by Brakkee and Vendrik (4) . Before the measurements were made, an arterial occlusion of 220 mmHg at the ankle and wrist was applied to eliminate the vasculature of the foot and hand from the flow measurements (20) . The venous occlusion cuff was inflated to a pressure of 50 mmHg within 2 s for the upper leg cuff and within 0.3 s for the upper arm cuff. Each measurement consisted of 10 consecutive venous occlusions for 10 s each, with a 10-s interval between each occlusion in which the cuff was instantaneously deflated.
Before testing, blood pressure was measured manually at the brachial artery according to the Riva-Rocci method. During testing, arterial blood pressure was registered continuously by using a portable blood pressure device (Portapres, TNO, Amsterdam, The Netherlands) that was connected to the middle phalanx of the index finger of the right hand. Table 1 . General characteristics of groups
Age, yr 28. Mean arterial pressure was taken at the time of the flow measurements and calibrated with the manually derived blood pressure.
Maximal calf and forearm circumferences were measured by using a measuring tape.
Data analysis. Arterial inflow (in ml ⅐ min Ϫ1 ⅐ 100 ml tissue Ϫ1 ) was calculated as the slope of the volume change over a 5-s interval (Fig. 1) . Registrations with artifacts, due to spasms or movement, were excluded. An initial steep rise (tenth of seconds) previously observed and attributed to a cuff inflation artifact (4) was skipped. Averaged values and standard deviations were calculated from the 10 consecutive venous occlusions for each extremity in each individual.
Relative vascular resistance was determined as mean arterial pressure (in mmHg) divided by the relative arterial blood flow (in ml ⅐ min Ϫ1 ⅐ 100 ml tissue Ϫ1 ) and expressed in units of resistance (UR; mmHg ⅐ min ⅐ 100 ml tissue ⅐ ml Ϫ1 ). Training. This part of the study included nine male subjects (5 of them were included in the arm and leg hemodynamic part presented in Experimental design) with motor and sensor complete (ASIA A) thoracic and cervical spinal cord lesions for at least 1 yr up to 22 yr. No vascular changes are to be expected after 1 yr of paralyses, unless a complication or active intervention takes place. The cycle training was performed by using a computer-controlled leg cycle ergometer (Ergys 2, Therapeutic Alliances). This device provides ES to surface electrodes that were placed over hamstring, gluteal, and quadriceps muscles. All subjects trained for 6 wk, three times per week. A training session consisted of 30 min of ES exercise. Before and after the 6-wk training period, resting blood pressure was measured by using a sphygmomanometer and resting longitudinal images, and simultaneous Doppler spectra were obtained from the femoral artery by using a 5-MHz pulsed-wave, color-coded, duplex Doppler ultrasound apparatus (Toshiba SSA 270A, Tokyo, Japan). Resting systolic diameters were measured from three consecutive images and averaged. Furthermore, from the corresponding Doppler spectrum waveforms, the blood velocities were determined, and blood flow was calculated as vessel area times red blood cell velocity. For more details see Gerrits et al. (10) .
Statistical analysis. Reproducibility was assessed by calculating the grouped coefficient of variance (CV) (taking the square root of the sum of the squared CV divided by n) between the two measurements in the healthy C subjects. An unpaired Student's t-test was applied to determine differences in physical characteristics, blood pressure, relative blood flow, and vascular resistance between groups. A paired Student's t-test was used to assess differences between forearm and leg blood flow and vascular resistance within groups as well as to compare blood pressure, blood flow, and peripheral resistance of the femoral artery before and after training. A P value of Ͻ0.05 was considered significant.
RESULTS
Three SCI individuals (AL, BH, JL) were on medication, which may have influenced their vascular characteristics; therefore, the results of these subjects were excluded from comparison between SCI and C. A fourth SCI individual (HR) was omitted because he was the only smoker in the group, which left 7 SCI and 10 C for intergroup comparison. The arm arterial inflow data of JE are missing because of a data acquisition problem.
The reproducibility expressed as grouped CV was 9.5% for the blood flow measurements at the leg and 14.5% for the blood flow measurements at the forearm.
Calf and forearm circumferences were significantly different between SCI and C ( Table 1) . Mean arterial pressure showed no significant differences between both groups (SCI: 85 Ϯ 15 mmHg; C: 92 Ϯ 7 mmHg) ( Table 1) .
Leg arterial inflow was significantly lower in SCI (0.77 Ϯ 0.48 ml ⅐ min Ϫ1 ⅐ 100 ml tissue Ϫ1 ) compared with C (2.13 Ϯ 0.61 ml ⅐ min Ϫ1 ⅐ 100 ml tissue
Ϫ1
) (P Ͻ 0.001). The relative vascular resistance in the legs was significantly higher in SCI (159.1 Ϯ 98.8 UR) than in C (47.6 Ϯ 15.1 UR) (P ϭ 0.003; Fig. 2 and Table 2) .
No significant differences were observed between leg and forearm arterial inflow and vascular resistance within C (arm flow 1.91 Ϯ 0.80 ml ⅐ min Ϫ1 ⅐ 100 ml tissue Ϫ1 ; arm resistance 57.8 Ϯ 27.7 UR), whereas within SCI (whole group n ϭ 11), a significantly higher arterial inflow in the arm than in the leg (1.31 Ϯ 0.59 vs. 0.72 Ϯ 0.47 ml ⅐ min Ϫ1 ⅐ 100 ml tissue Ϫ1 ) and a significantly lower vascular resistance in the arm than in the leg (68.5 Ϯ 27.7 vs. 166 Ϯ 89.3 UR) was found (Figs. 2 and 3 and Table 2 ).
All nine subjects completed 18 training sessions, and the mean workload increased from 4 Ϯ 5 kJ at the beginning to 16 Ϯ 14 kJ at the end of the training period. Mean arterial pressure was similar after training (91 Ϯ 6 mmHg) compared with values before training (89 Ϯ 14 mmHg). In addition, a significantly larger resting blood flow in the femoral artery was found after training. This was represented by an increase in peak systolic blood flow from 1,330 Ϯ 550 to 1,710 Ϯ 490 Fig. 1 . Segments of recordings of leg and forearm arterial blood flow. The first registration is a recording of the relative arterial blood flow in the leg of a spinal cord-injured (SCI) subject followed by a registration of the relative arterial blood flow in the leg of an ablebodied (C) subject (second). The third registration is a recording of the relative arterial blood flow in the forearm of an able-bodied subject (showing an artifact as a result of cuff inflation). The fourth registration is a recording of the pressure in the venous occlusion cuff measured by a manometer attached between the pressure source and the venous occlusion cuff. ml/min (P Ͻ 0.01) and an increase in mean blood flow from 270 Ϯ 120 to 370 Ϯ 160 ml/min (P Ͻ 0.05). Calculated vascular resistance decreased significantly (ϳ30%) after 6 wk of training.
DISCUSSION
The major finding of the present study is the increased vascular resistance in the paralyzed legs after long-term SCI in humans. Although animal research supports and provides explanations for the findings of the present study, the results seem to be in contrast with previous studies in humans. In addition, this is the first study to show that only a short period of training of the previously deconditioned legs leads to a marked decrease in vascular resistance, which suggests that the increase in vascular resistance as observed in SCI patients results primarily in deconditioning.
CV, representing the reproducibility of the used protocol and measuring technique, varied between 9.5% (legs) and 14.5% (arms) in this study, which is comparable with other blood-flow studies that reported CVs ranging from 9 to 24.9% (2, 13, 29) . In addition, CV for the echo Doppler measurement set up in this study that was assessed in six subjects who were all measured twice within 2 wk by the same examiner was 6% for the diameter and 14% for the blood flow in the femoral artery, which includes physiological as well as physical variation. This reproducibility data is in line with values found by Demolis et al. (7), who reported a CV of 4-5% for the diameter and 10-12% for red blood cell velocity in the femoral and carotid arteries. The reproducibility found in the present study adds to the certainty of the results presented in this study.
Arterial inflow in the legs of SCI individuals was significantly lower than in C subjects. Because mean arterial pressure showed no differences between both groups, relative leg vascular resistance in SCI was higher than in C. Values on blood flow and vascular resistance in C, presented in this study, are in agreement with values reported in previous studies (21, 28, 32) . The increased vascular resistance in SCI patients is in accordance with studies on the long-term effect of sympathectomy in animals. Aliev et al. (1) showed that long-term (8 days) sympathectomy in rats causes a decrease in nitric oxide release and an increase in endothelin-1, whereas this did not occur after shortterm (3 days) sympathectomy. They hypothesized that perivascular nerves are modulators of the endothelial content of vasoactive substances and, therefore, essential for normal vascular control. A chronic reduction in endothelial nitric oxide synthase expression and an increase in endothelin-1 may partly explain the increased vascular resistance seen after long-term SCI in humans. Additional research is needed to elucidate the role of these different endothelial components in vascular resistance after loss of central sympathetic control. Rodionov et al. (30) showed that 4 wk of sympathectomy in rats resulted in an increase in vascular resistance due to a decrease in density of the vascular network. They hypothesized that this is most likely the result of autoregulatory mechanisms restricting the elevated blood flow after sympathectomy and inducing the closure of some smaller resistance vessels and thereby increasing the structural component of resistance. In accordance with this, previous studies have shown structural adaptations of the vessels in the legs of SCI patients (31), i.e., a decrease in the diameter of the femoral artery (14, 35) , a decrease in capillary density (23) , and a decrease in venous capacity (9, 15) .
In contrast to the findings of the present study, several studies on humans did not report an increase in vascular resistance after sympathetic denervation. In individuals suffering from chronic primary autonomic Values are means Ϯ SD. UR, unit of resistance (mmHg ⅐ min ⅐ 100 ml tissue ⅐ ml Ϫ1 ).
failure, vascular resistance in the legs and forearms seemed slightly lower compared with that in C individuals, but not to the point of statistical significance (28). Lepori et al. (21), who measured arterial inflow and relative vascular resistance in six individuals 3-4 yr after they had undergone thoracic sympathectomy for hyperhydrosis, found no significant differences in arm arterial inflow and relative vascular resistance between the sympathectomized and C individuals. However, two important differences between sympathectomized and SCI patients exist that may affect the control of vascular tone. After sympathectomy, the affected limb is denervated, whereas in the SCI patient spinal sympathetic reflex arcs may still be intact and may contribute to the vascular tone below the level of the lesion (6, 12, 24) . However, microneurography has shown that sympathetic nerve activity below the lesion in SCI patients is decreased dramatically compared with sympathetic activity seen in healthy C patients (34) . A second major difference between the sympathectomized and SCI patients is that sympathectomized patients have normal voluntary motor control of the affected limb, whereas the sympathetic deprived limbs of SCI patients are paralyzed. As a result of the inactivity and atrophy of the paralyzed muscles below the level of the lesion, oxygen demand is low, and oxygen delivery will be geared accordingly, as has been demonstrated by vascular atrophy in the legs of SCI individuals (9, 14, 15, 25, 35) . Langille and O'Donnell (19) demonstrated that a blood flow reduction of 70% resulted in a 21% decrease of the diameter of the vessel in rabbits within 2 wk. The reduction in diameter probably reflects structural (30) as well as functional (1) modifications, and both seem to be endothelium dependent (19) .
Regular physical activity may, via similar pathways but in the opposite direction, lead to an increase in diameter of the conduit artery in a number of arterioles and capillaries, leading to a decrease in vascular resistance (11, 18) . These pathways may involve an improved endothelial function as assessed by the vasodilator response to acetylcholine before and after training (8) as well as adaptations in the vascular smooth muscle responsiveness after training (37) . Along this line, findings of the present study show that the diameter and flow in the femoral artery significantly increased, whereas vascular resistance significantly decreased, after 6 wk of training of the long-term paralyzed legs. This suggests that the increase in vascular resistance in SCI results primarily, if not exclusively, from deconditioning. In addition, Casiglia et al. (5) showed that a rigorous rehabilitation program, including electrically stimulated leg exercise, which all of the SCI patients in their study underwent in the years after their spinal trauma, resulted in a lower leg vascular resistance in these patients compared with C patients. This supports the hypothesis that inactivity, more than a lack of central sympathetic control, is responsible for the increased vascular resistance in SCI patients.
The decrease in leg vascular resistance after SCI as reported by Karlsson et al. (17) is hard to explain. Apart from lack of information on medication, smoking, and leg muscle activity as well as on used cuff pressures and exclusion or inclusion of hand and foot, no explanation can be given for the differences found between the study by Karlsson et al. (17) and the present study. Moreover, the present study revealed that even the patients on medication showed a markedly increased vascular resistance. This may again indicate that changes in the structural component are largely responsible for the increase in vascular resistance.
The finding of the present study that in SCI patients vascular resistance in the arms was significantly lower than in the legs reflects the deconditioned status of the leg muscles and the active status of the arm muscles in SCI patients; the latter was used for ambulation by propulsion of the manually driven wheelchair. In line with this, a lower vascular resistance in the arms of SCI compared with C patients was expected. However, this could not be confirmed in the present study nor in the study by Karlsson et al. (17) that showed a slightly higher vascular resistance in the arms of SCI com- pared with C patients as well. Casiglia et al. (5) , however, did show slightly higher forearm blood flows in SCI than in C patients and even reported the highest forearm flow values in the tetraplegic group. Differences in cuff pressures, number of slopes used to calculate the flow, and exclusion or inclusion of the wrist and hand may partly account for the differences among these studies. In addition, marked differences in arm volumes in SCI individuals may strongly influence the calculation of absolute blood flow in the arms.
Limitations. A limitation in this study seems to be the difference in methods used for assessment of blood flow in the legs between the transversal part of the study in which arm and leg blood flow were measured by using plethysmography and the longitudinal part of the study in which leg blood flow was measured before and after training by using echo Doppler. However, venous occlusion plethysmography (16) as well as echo Doppler (7) are well-established and accurate methods of measuring blood flow and, therefore, of calculating vascular resistance in a reliable way. The limitation is related to the fact that absolute values of blood flow and vascular resistance obtained by echo Doppler cannot be directly compared with the relative values obtained by plethysmography. This, however, is not a requirement to answer the main research questions for the present study and will, therefore, not alter the results and conclusion of the present study.
One may question the lack of a C group in the training study. However, all SCI subjects in the training study had a spinal cord lesion for at least 1 yr. Because we know that vascular adaptations take place within weeks to months after the injury, no vascular changes are to be expected, unless an intervention takes place.
In conclusion, leg vascular resistance is dramatically enhanced in SCI individuals. This may be caused by structural (a decrease in number of arterioles and capillaries and/or a decrease in the diameter of the resistance vessels) as well as by functional changes (changes in endothelium-derived factors and/or sympathetic vascular regulation). The increased leg vascular resistance is reversible toward normal values by training the paralyzed legs with ES of the muscle.
